Plants that have potential as alternative food source (floral nectar, pollen and plant tissues) to the boll weevil during the intercropping season were evaluated considering the prevalent conditions of Cerrado in the Central Brazil. Initially, we tested the nutritional adequacy for the survival of the insect of flower resource (pollen and nectar) provided by eight plant species (fennel, mexican sunflower, castor bean, okra, hibiscus, sorghum, pigeonpea and sunn hemp). Subsequently, we tested if the resources provided by the selected plants continued to be exploited by the boll weevil in the presence of cotton plant, its main food source average longevity of boll weevil adults was significantly longer when they were fed on hibiscus' flowers (166.6 ± 74.4) and okra flowers (34.7 ± 28.9) than when they fed on flowers of other six species. Subsequently, the preference of the boll weevil in the use of resources was compared between okra or hibiscus and cotton plants, in dual choice experiments. Boll weevils preferred plants of the three species in the reproductive stages than those in vegetative stages. Although the cotton plant in the reproductive stage was the most preferred plant of all, boll weevils preferred flowering okra and hibiscus than cotton at the vegetative stage.
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Survival and preference of cotton boll weevil adults for alternative food sources 
Introduction
The boll weevil, Anthonomus grandis Boheman 1843 (Coleoptera: Curculionidae), a serious pest of upland cotton, Gossypium hirsutum L. (Malvaceae), has caused severe damage to cotton production in the Americas for decades. Adult boll weevils prefer the reproductive structures, where they feed and lay eggs and where the larvae develop to pupal stage (Showler, 2004) . Due to its feeding inside the reproductive structures, boll weevil attacks suppress the production of cotton fibers (Degrande, 1991) . Additionally, this species has a high reproductive capacity and is capable of rapid population growth (Cross, 1973) and therefore, the small population that survives the dry season in Central Brazil can infest and severely damage the next cotton crop. The biological and behavioral traits of the boll weevil hinder the implementation of control measures because this species is largely protected from natural enemies, adverse environmental conditions and insecticide spraying (Ramalho and Wanderley, 1995; Santos et al., 2013; Neves et al., 2014) .
The great genetic variability and phenotypic plasticity of the boll weevil makes it able to adapt to a wide variety of environmental conditions, allowing the expansion of its geographical distribution beyond its center of origin (Central America) (Showler, 2009 ). Populations of boll weevil native from Mesoamerican region, for example, presented dormancy, characterized by a physiological state in which the insect does not feed or reproduce at all during the harsh winter (Showler 2007 (Showler , 2009 . In subtropical regions, under low temperate conditions during the winter, a minor portion of boll weevil population move into surrounding habitats where they survive and reproduce during the winter in small patches of cotton volunteer plants or survive feeding on other plants in the local vegetation in a stage of reproductive dormancy, especially in areas of citrus and cactus fruit, common in the region of Texas -USA (Spurgeon et al., 2003; Spurgeon and Raulston, 2006; Showler and Abrigo, 2007; Showler, 2009 Showler, , 2012 . They stay there until the cotton plants begin to produce cotton squares in the next crop season.
It is known that insect populations living in different regions present subtle differences in their population's response according to particular environmental conditions, especially in relation to temperature and resource availability (Tauber and Tauber, 1976) . Although population outbreaks of boll weevil would be associated with agricultural expansion in the tropics, boll weevil naturally occurs in South America since before the extensive cultivation of cotton in the region, their presence has been ignored until 1949, due to the scarce weevil collecting, especially in the native areas (Scataglini et al., 2000) . Nevertheless, the knowledge about survival mechanisms of the boll weevil during overwinter under tropical conditions, host plants and life history are still incipient. Such lack of information makes quite difficult the proposition of efficient management techniques alternative to the massive application of insecticides.
Recent studies start unveiling the peculiar characteristics of the populations' adaptive responses of boll weevil in the tropics. These populations during the winter, when cotton is not available, present only reproductive dormancy (Paula et al., 2013) , remains active and feeding on pollen from other plants such as Compositae (Asteraceae), Solanaceae, Euphorbiaceae, Amaranthaceae, Leguminosae and Smilacaceae (Ribeiro et al., 2010; Cuadrado, 2002) . These plants apparently serve only for feeding and shelter, not being used for boll weevil reproduction (Cross et al., 1975; Gabriel, 2002) . Although none of these plant species are comparable to cotton in maintaining and increasing populations of boll weevil, they could keep the adults until they find cotton fields (Lukefahr et al., 1986) . Thereby, the small population that survives from the dry season can infest and severely damage the next cotton crop (Ribeiro et al., 2006) .
The high diversification of the landscape found in the tropics opens up a range of environmental choices that may explain the persistence of remnant populations in the environment during the overwinter. This scenario is, for example, found in central Brazil, considered of great importance for the production of cotton in Brazil, the largest area (65.5%), with the highest production (65.1%) in country (2013/2014 crop year) (CONAB, 2014) . Most areas present around the cultivated fields of cotton are a mix of native areas of Brazilian savannas, monocultures (such as soybeans), polycultures (maize, sorghum, beans, vegetables), as well as pastures. It is expected that each of these environments can provide different conditions or resources, which would be of greater or lesser degree, exploited by boll weevil in the absence of cotton plants.
In this work we seek to broaden the knowledge on the ecology and behavior of the boll weevil in tropical environmental conditions persisting in areas of Cerrado in Central Brazil, the Brazilian savannas. Considering their potential ecologically adaptive responses, we first seek to evaluate -thorough experimental essays in laboratorywhich plant(s) can be a potentially source of food resources (floral nectar, pollen and / or plant tissues) to the boll weevil, during the overwinter. First, we tested for the nutritional adequacy of flowers resource (pollen and/ or nectar) provided by eight species for the survival of boll weevil adults. Subsequently, we evaluated whether the resources provided by some selected plants continued to be exploited by the boll weevil when the main resource (cotton plant) was also available. The purposes of these tests were: 1) to identify differences in preference for resource exploitation between plants evaluated in their different phenological stages; 2) to evaluate the visual effect of the reproductive structures of plants that were preferentially explored.
Material and Methods

Test of the nutritional adequacy of the flowers resources
Eight plant species were selected for evaluation as suppliers of flower resources for the boll weevil: anise (Foeniculum vulgare), mexican sunflower (Tithonia diversifolia), castor bean (Ricinus communis), sunn hemp (Crotalaria juncea), pigeonpea (Cajanus cajan), okra (Albeomoschus esculentus), hibiscus (Hibiscus rosa-sinensis) and sorghum (Sorghum bicolor). All plants chosen are cultivated in the central region of Brazil, have few requirements regarding field management, and can be cultivated from July to November, i.e. during the winter.
The suitability of food provision by the pre-selected plant species for boll weevil survival was evaluated in the laboratory. Inflorescences or flowers of different species of pre-selected plants were collected in the fields at Embrapa Genetic Resources and Biotechnology Research Center (15º 43'47.9S; 47º 53'59.3W), and Fazenda Malunga where they were organically cultivated (15º 58'49.8S; 47º 29'29.7W) in Brasilia, Federal District, thus ensuring that the resources used were free of synthetic products such as pesticides, which could influence the results of the tests. The collected material was placed in paper sacks and brought to the laboratory to be provided as a fresh resource for the boll weevil. Collection of the flowers was done once a week. They were collected with the stems and immediately inserted into previously moistened floral foam, then being taken to the laboratory where they were kept moist during the week until the next collection.
Newly emerged boll weevils from cotton squares free of chemical pesticides, collected in the field at Embrapa Genetic Resources and Biotechnology (15º 43'47.9S; 47º 53'59.3W), were placed individually inside 500 mL transparent plastic vials, and closed with voile. Insects were supplied with water and fed ad libitum with flowers from the pre-selected plants. Flowers were replaced every two days. Cotton squares were used as positive control to compare boll weevil survival. Number of replications varied from 22 to 58 according to plant species. Vials were kept under 25 ± 2 °C, 60% ± 10% RH and 13 h photophase. The experiments for all species were set up between October 2010 and June 2011, during the cotton season. The boll weevils were observed until the record of their death. To verify possible differences in survivorship among males and females, the sexes were then determined by observing the posterior edge of the 8 th tergite of the specimens according to Sappington and Spurgeon (2000) , under magnification of a stereomicroscope.
Dual-choice tests
Plants reveled by the first essay as being able to serve as food for the boll weevil, were contrasted with cotton plants in dual-choice tests. The okra, hibiscus and cotton plants used in these essays were cultivated in four-liter pots in the greenhouse and in experimental outdoor areas at Embrapa Genetic Resources and Biotechnology, Brasília, DF, Brazil. Cotton and okra plants with two to three leaves were used (approximately 20 days after germination) as vegetative stage samples (cv = cotton in vegetative stage; "ov" okra in a vegetative stages) well as hibiscus plants aged around 30 days (hv = hibiscus in vegetative stage). Cotton plants were considered to be in the reproductive stage as soon as they show flower squares around seven millimeters, up to when flowers appeared (approximately 40 days after germination). Cotton squares are very attractive to the boll weevil (Howard, 1921; Everett and Earle, 1964) ; thus, we used cotton plants with only squares (no flowers or fruits) (labeled "cs") and plants with flower and squares to represent the reproductive stage of cotton ("cf"). We used plants with squares, flowers and fruits to represent the reproductive stage of okra ("of") and hibiscus ("hf"). Only whole plants lacking symptoms of disease or herbivore attack were used in the experiments. The plants were tested only once. Plants growing in the greenhouse or in the field were compared within the same experiment.
Adult boll weevils of known age (one to four days after emergence) were collected from attacked squares in the field and from larvae fed an artificial diet (Monnerat et al., 1999) in a colony maintained in the laboratory of the Embrapa Genetic Resources and Biotechnology. The results of the pilot experiments showed no differences between the responses of boll weevils from the field and those reared on an artificial diet in the laboratory. We removed the emerged insects and determined their sexes using a stereomicroscope based on the morphology of the posterior edge of the 8 th tergite, according to Sappington and Spurgeon (2000) . The males and females were differentiated by marks made with indelible ink and maintained for 24 hours without food before the experiment.
The boll weevils were subjected to dual-choice experiments inside a transparent acrylic cage (90 × 80 × 45 cm) to test their food preference. Two plants were diagonally positioned at opposite ends of the cage, 45 cm from each other. Taking into account the possible combination of the plant species and their growth stages, a total of 19 tests were conducted, with 20 replicates of each. In each test, we placed five boll weevil pairs in the center of the cage between the two plant samples. We assessed the number of weevils on each plant 24 hours later. We noted "no response" when an adult boll weevil did not choose a plant and moved to crevices in the cage walls, or in the rare cases in which it escaped the cage. The insects that died were not considered for statistical analysis.
Visual effect of reproductive structures on the choice of the boll weevil
Dual choice test were also conducted to evaluate the visual effect of reproductive structures on the choice and orientation of the boll weevil. These tests were conducted only for treatments involving hibiscus with flowers and squares and cotton with squares. The procedures used for the test were similar to those described in subsection 2.2. However, seeking to isolate the visual effect of reproductive structures (flowers and cotton squares) and restrict the effect of volatile emitted inside the acrylic cage, the flowers of the contrasted plants were bagged with green tissue paper, blocking the view by boll weevil. The same number of bags put on plants in the reproductive stage was also put on the plants in the vegetative stage.
Statistical analysis
Survival curves were constructed for each plant species, being estimated by Kaplan-Meier analysis (Kaplan and Meier, 1958) with Log-Rank and using Gehan's Wilcoxon as post-hoc test (Gehan, 1965; Mantel, 1966; Hosmer and Lemeshow, 2004 ). The plants that were able to keep at least 90% of the total boll weevil population alive for more than 10 days were considered as suitable for the adult insect. The average longevity was compared through non-parametric Kruskal Wallis test.
Dual choice data were analyzed using a Generalized Linear Model (GLM) with under a Poisson error distribution. To evaluate whether boll weevil have some preference to plants contrasted in different fenological stages we summed the number of choices per treatment and this number was used as a response variable and the treatment was used as explanatory variable. To test for statistical differences in the variable between the treatments we used Analysis of Deviance (ANODEV), with a Chi-square test, followed by a model residual analysis (Crawley, 2007) . The final model was compared with a null model by an ANODEV using a Chi-square test. If significant differences from the null model were achieved we accepted the final model (Crawley, 2007) .
Results
Selection of plants for testing as providers of resources to the boll weevil adults
Survival curves between males and females for each tested plant did not significantly differ (p>0.05), so the survival curves of the boll weevils fed with different plants were run without differentiating between males and females. The survival of the boll weevil on cotton was significantly larger than the survival of all the other tested plant species (Log-Rank test, all with p<0.05), except for hibiscus. The survival of the boll weevil on hibiscus was larger than that on cotton (Gehan's Wilcoxon test with p<0.05) (Figure 1 ). In the laboratory experiments, most of the pre-selected alternative plants failed to meet the criterion of nutritional suitability for boll weevil survival (Figures 1a, 1b, 1c, 1d, 1e, 1h) , except hibiscus and okra (Figures 1f and 1g) , which kept 90% of boll weevil adults alive for more than 10 days. When flowers from these two plants were offered to the boll weevil, the maximum adult survival was 300 days for hibiscus and 86 days for okra.
The average longevity of the boll weevil adults was significantly greater when they were fed on hibiscus flowers (166.6 ± 74.4), cotton square (126.72 ± 49.34) and okra flowers (34.7 ± 28.9) (Figure 2 ) than when they were fed with the other species (7.79 ± 1.91; KW-H(8;315) = 209.1293; p<0,001).
Dual choice test: Hibiscus and Okra X Cotton
The percentage of responding insects varied as a function of the combination of the species of plant and their growth stages (Figure 3 and Figure 4) . The presence of cotton with squares or flowers and hibiscus plants with flowers favored the insects actively choosing a food plant, while the presence of hibiscus plants in vegetative stages increased the non-response (Figure 3) .
A greater number of individuals actively sought the cotton plants with squares compared at other combinations of the okra and cotton plants in different phenological stages (Figure 4) .
The boll weevils preferably visited reproductive hibiscus more frequently than vegetative cotton (p<0.001) and square cotton (p=0.004) ( Figure 5) . Only, when we offered flowering cotton and vegetative hibiscus, the boll weevils chose the cotton (p=0.001).
The boll weevils preferably visited vegetative cotton (p=0.002) and cotton with squares (p<0.001) more than vegetative okra (p<0.001) (Figure 6 ). When we offered flowering cotton and flowering okra, the boll weevils selected the flowering cotton (p=0.001) (Figure 4) .However, when we offered flowering okra and cotton with squares and vegetative cotton the boll weevils more frequently selected okra (p=0.027 and p<0.001).
When we offered two plants of the same species and of the same growth stage in the cage, the boll weevils consistently chose plants in the reproductive stage of cotton, hibiscus and okra (Figure 7) . This result highlights that the reproductive structures of the species used in the test play an important role in the boll weevil behavior and may show attractiveness.
Visual test
The boll weevils did not prefer plants in the reproductive stage when these structures were bagged, independently of the species and tested combination (Figure 8 ). This result indicates that the visualization of the reproductive structure may influence the boll weevil's choice of a plant to visit, suggesting a possible feeding choice.
Discussion
Amongst the eight plants tested in the laboratory as an alternative food for adult boll weevils, beyond cotton plant, only flowers of hibiscus and okra plants provided nutrition to this pest. Boll weevils have an evolutionary history with cotton that originated with the host shift from its Hampea ancestral host to Gossypium, the genera of the wild and domesticated cotton plants, early in the domestication process (Jones, 2001) . Both genera, Hibiscus and Abelmoschus, belong to Malvacea family, and indeed several studies have also shown that boll weevil adults primarily feed on plants from the Malvaceae family (Cuadrado, 2002; Cuadrado and Garralla, 2000; Gabriel, 2002; Jones et al., 1993; Showler and Abrigo, 2007; Ribeiro et al., 2010) . Probably, hibiscus and okra plants attracted and feed boll weevils because they are likely chemically and structurally more similar to cotton plants.
Despite the frequent records of pollen feeding by boll weevils, which are partly due to the fact that it is easier to detect pollen in the insect gut after dissection, they can also consume floral and extrafloral nectar and other plant tissues (Showler, 2008 (Showler, , 2009 . The nutritional value of these two resources is still unknown, as well as their isolated effect on boll weevil survival. Therefore, the consumption of pollen, nectar and other plant tissues by the boll weevil sensures their survival during the winter period (Showler and Abrigo, 2007) .
The reproductive stages attracted more boll weevils than did vegetative ones, and flowers of hibiscus, okra and cotton plants are likely to be very attractive to boll weevils. In the other hand, the boll weevils did not prefer plants in the reproductive stage when these structures were bagged. Those results suggest that the visual stimuli may play an important role in guiding the boll weevil to select a resource. Showler (2002) demonstrated that the boll weevil is less inclined to use kaolin-coated cotton plants for feeding and oviposition, indicating that visual stimuli are important for the recognition of cotton plants by cotton boll weevil. However, a study that characterized boll weevil responses to the volatiles released by cotton in different growth stages and herbivorous conditions in olfactometer, showed that A. grandis uses conspecific herbivore-induced volatiles enriched with the aggregation pheromone to locate host cotton plants and that terpenic compounds may be involved in their attractiveness (Magalhães et al., 2012) . This result suggests that the olfactory stimulus is also important probably at short distance. Therefore, the vision, combined with the smell, is an important component of the sensory system involved in the selectivity of host plants to insect herbivores process, and, also for boll weevil responding to silhouettes of different achromatic contrasts might include visual cues in their host plant location in the field (Hausmann et al., 2004) .
Taken together, the results presented here provide important baseline information for developing a management system for the boll weevil, based on alternative food resources that can move the adults to a specific location where they can be control. These laboratory based results corroborate the results from Ribeiro et al. (2010) , carried out in the field, that has shown that boll weevils can feed on alternative plants that occur in natural fields of the Central Brazil region. However, our results refine the information indicating that these alternative resources are mainly plant species that belongs to the Malvaceae family. Also, our work suggests that visual stimulus is important for the boll weevil's ecological behavior of finding food during tropical winter, what allow them to survive across the intercrop period. These results will enable a more accurate delineation of the experiments required to test the attraction of the boll weevil to hibiscus and/or okra away from cotton in different experimentation scales (greenhouse and field scale). Successful boll weevil control with conventional methods has been shown to be costly and difficult to achieve, particularly for smallholders (Degrande, 1991; Fontes et al., 2006) . Knowing which species and development stages of the alternative food are most attractive to the boll weevil when compared to vegetative cotton, can help in the developmental of a control system that synchronize the different alternative species with cotton growth that ultimately, can reduce the insecticide sprays on the cotton culture in Central Brazil. 
